We present a theoretical investigation of electronic and optical properties of free-base porphyrins based on density functional theory and many-body perturbation theory. The electronic levels of free-base porphine ͑H 2 P͒ and its phenyl derivative, free-base tetraphenylporphyrin ͑H 2 TPP͒ are calculated using the ab initio GW approximation for the self-energy. The approach is found to yield results that compare favorably with the available photoemission spectra. The excitonic nature of the optical peaks is revealed by solving the Bethe-Salpeter equation, which provides an accurate description of the experimental absorption spectra. The lowest triplet transition energies are in good agreement with the measured values.
I. INTRODUCTION
Porphyrins constitute an important class of conjugated organic chromophores that play a fundamental role in numerous biological and chemical processes [1] [2] [3] and have recently found wide application in developing technologies. Promising memory devices have recently been demonstrated in which porphyrins were used to functionalize nanowires. [4] [5] [6] Their oligomers and solid aggregates are of growing interest for optoelectronic devices, solar cells, and light-harvesting devices, as well as having applications in nonlinear optics. [7] [8] [9] [10] [11] [12] It is not surprising therefore that, in addition to the numerous experimental studies appearing in the literature, several semiempirical and ab initio theoretical studies, based on time-dependent density functional theory ͑TDDFT͒ and quantum chemistry techniques, have been carried out in order to characterize the fundamental electronic and optical properties of these molecules. [13] [14] [15] [16] [17] The UV/optical spectra of all porphryins are generally quite similar, being characterized by a number of weak bands or peaks in the optical range ͑the Q bands͒, and a relatively strong band in the UV region ͑the Soret or B band͒. 18 The simplest interpretation of porphyrin spectra is given by the Gouterman four-orbital model, a semiempirical configuration interaction scheme involving excitations from the two highest occupied molecular orbitals ͑HOMOs͒ to the two lowest unoccupied orbitals ͑LUMOs͒. 19 In spite of its success, however, not all spectral features can be explained by the model.
In fact, ab initio quantum-mechanical approaches are required to gain a thorough knowledge of the excited state and photophysical properties of these molecules, which, despite the numerous technological applications, are not completely understood.
Previous quantum-chemical studies of the porphyrin class of molecules illustrated the important role played by electronic correlation in describing their excited state properties. Excitation energies of free-base porphine have been reported using a variety of techniques, including multiconfigurational second-order perturbation theory ͑CASPT2͒, 15 multireference second-order perturbation theory, 20 symmetry adapted cluster-configuration interaction ͑SAC-CI͒, [21] [22] [23] [24] and similarity transformed equation-of-motion coupled-cluster ͑STEOM-CC͒ approaches, 25 generally obtaining a precision of the order of 0.1-0.3 eV.
In the present work, we use an analogous approach based on many-body perturbation theory ͑MBPT͒ ͑Ref. 26͒ ͓namely the so-called GW method and the Bethe-Salpeter equation ͑BSE͔͒, which achieved much success over recent years within the domain of solid-state physics, frequently yielding excitation energies within 0.1-0.3 eV of the experimental values when applied to systems ranging from bulk to zero dimensional. [27] [28] [29] [30] [31] [32] [33] The GW/BSE method has not been widely applied, however, to the study of -conjugated low dimensional and molecular systems. Work carried out in this direction [34] [35] [36] [37] [38] [39] furthermore illustrated that some of the usual assumptions made in the application of the method, such as the use of LDA/GGA wave functions as a starting point 37 or the Tamm-Dancoff approximation, 40 41 The applicability to the porphyrin class of molecules is therefore far from obvious and the present study aims to further knowledge in this direction.
Besides being of general academic interest, the technique should prove to be important for investigating the excitonic character in extended porphyrin oligomers or solid aggregates, for which the use of the less computationally demanding TDDFT approach has been questioned, 42 but which is naturally accessible within GW/BSE. In this work we concentrate on the electronic and optical properties of two such porphryins, namely, free-base porphine ͑H 2 P͒, the basic building block of all porphryins, and a phenyl derivative, tetraphenylporphyrin ͑H 2 TPP͒. This study aims, therefore, to be a first step toward a complete ab initio analysis of the exciton character in porphyrin systems and in particular for understanding how this character changes when moving from isolated porphyrins to their oligomers or solid aggregates.
II. METHODOLOGY
In the present MBPT scheme, the DFT Kohn-Sham ͑KS͒ eigenvalues and eigenfunctions are used as a starting point for constructing the one-particle and two-particle Green's functions including all relevant aspects of electronic interaction and correlation. The key quantity is the electron self-energy operator, which can be evaluated very accurately for many materials in the GW approximation. 27 The oneparticle Green's function describes quasiparticle ͑QP͒ excitations ͑i.e., the individual excitation of electrons and holes͒ while the two-particle Green's function describes coupled electron-hole excitations and is thus required for describing the optical spectrum. 28 Results presented in this work are based on the following three-stage approach. As a first step, the geometrical structures of the two isolated molecules ͑H 2 P and H 2 TPP͒ are relaxed using DFT ͑Ref. 43͒ within the general gradient approximation ͑DFT-GGA͒ in the Perdew-Burke-Ernzerhof PBE parametrization functional. 44 We use a plane-wave approach, as implemented in the QUANTUM-ESPRESSO package, 45 with norm-conserving pseudopotentials and a kinetic energy cutoff of 70 Ry. Fictitious molecule-molecule interactions occurring in the repeated cell approach are eliminated by using, after convergence tests, a vacuum thickness of more than 10 Å. The relaxed geometries compare well with other similar calculations found in the literature and with the experimental data. 46, 47 In particular, the external phenyl groups of H 2 TPP cause an in-plane distortion of the porphyrin ring, without any appreciable out-of-plane distortion, in agreement with Ref. 48 . We then calculate, at the optimized geometries, all the KS eigenvalues and eigenvectors up to 15 eV above the HOMO energy using LDA, 49 in order to reach a good convergence in the excited-state calculations. The GGA and LDA eigenvalues, for the same fixed geometry, were found to be very similar, within the order of 0.02-0.03 eV.
In a second step, we perform GW calculations using the YAMBO code 50 in order to obtain the real QP energies E i QP as corrections to the KS eigenvalues E i KS using the following well known expression:
where the index i runs over the occupied ͑holes h͒ and unoccupied ͑electrons e͒ states. ͉ i KS ͘ are the KS eigenfunctions, ␤ i is given by
i.e., the linear coefficient in the energy expansion of the selfenergy ⌺, which is itself the product of the KS Green's function G times the screened Coulomb interaction W obtained within the random phase approximation ͑RPA͒. 51 V xc is the usual DFT exchange-correlation potential. A boxlike cutoff in the long-range Coulomb potential is used at this stage in order to simulate truly isolated molecular excited states. This technique is essential 52 for reaching good convergence ͑be-low 0.1 eV͒ in the self-energy calculations.
In the final step of our approach, we calculate the optical spectra including excitonic effects and self-energy corrections by means of solving the BSE. By expanding the states over the KS basis, the solution of the BSE can be mapped onto an eigenvalue problem for the excitonic Hamiltonian: 28, 53 
where the resonant part,
is Hermitian. The part in the lower right is denoted antiresonant. K = W −2v is the excitonic kernel, with W and v being the screened and bare Coulomb interaction, where the factor 2 comes from the spin degeneracy. 53 The coupling part
is symmetric and describes the interaction between the resonant and antiresonant parts, or in other words, between the e-h pairs at positive and negative ͑antipairs͒ energies ͑see Ref. 41 for a more detailed description of the notation͒. Here electron-hole antipairs are denoted by eЈhЈ, while E h QP , ͉h͘ and E e QP , ͉e͘ refer to the QP energies and eigenstates of the occupied and unoccupied states, respectively. As is often done in this framework, we replace the QP eigenfunctions ͉e͘ , ͉h͘ with the KS ones ͉ h KS ͘ , ͉ e KS ͘. While several works have shown that this approximation may not work well in highly anisotropic systems 37 or strongly correlated materials, 54 the results presented below demonstrate that it is reasonable for describing the low lying excitations of systems such as the studied porphyrins, as was also illustrated elsewhere for azobenzene. 41 Once the eigenvectors and eigenvalues E of the excitonic Hamiltonian H exc are obtained, the photoabsorption cross section is obtained from
where D = ͉͗i ជ · r ជ͉0͘ are the electron-hole optical strengths, is the light polarization direction, ͉0͘ is the ground state, and ͉͘ is the generic excited state expanded in term of electron-hole pairs and antipairs. If the electron-hole interaction is neglected, the excitations are given by vertical transitions between independent electron and hole states with D = ͗h͉i ជ · r ជ͉e͘, so that Eq. ͑6͒ reduces to the well known independent-particle Fermi golden rule expression. Although the above approach is based on a local or semilocal DFT ground state calculation, it is important to realize that it does not inherit all the associated pathologies. In particular, the short-range exchange-correlation potential appearing in LDA and GGA is not present in the self-energy or, more importantly, the BSE. In these methods, the screened Coulomb interaction is used instead, yielding a correct description of the long-range 1 / r behavior. Thus, the BSE can in principle describe charge transfer as well as Rydberg states. [55] [56] [57] 
III. RESULTS
According to the Gouterman model, the HOMO ͑b 1u ͒, HOMO− 1͑a u ͒, LUMO͑b 2g ͒, and LUMO+ 1͑b 3g ͒ states are the most important ones involved in the Q and B optical peaks. In Fig. 1 we report probability distribution isosurfaces for each of these four states as they occur for the H 2 TPP molecule. The inclusion of phenyl rings does not change their character with respect to free-base porphine. We confirmed that the orbital character and ordering are consistent with other DFT-LDA calculations, 46 an observation that does not change if local or semilocal exchange-correlation potentials are used. All these findings attest to the robustness of the Gouterman model in describing the order and character of these energy levels based on the symmetry of the porphyrin molecular orbitals. Nevertheless, we will show below how a proper description of the optical response and photoemission spectra requires a more sophisticated theoretical treatment beyond this simple empirical model.
In Fig. 2 we show the optical spectrum of the H 2 TPP molecule obtained at the independent-particle level ͑or equivalently, within the RPA͒, where a sum over the KS transitions, according to a Fermi golden rule description, is considered. Two strong peaks are visible at 1.75 and 2.15 eV. The former peak derives from b 1u ↔ b 2g and b 1u ↔ b 3g transitions, while the latter derives from a 1u ↔ b 2g and a u ↔ b 3g transitions. The RPA optical spectrum of H 2 P, not reported here, appears very similar with a small blueshift of the two peaks ͑of about 0.2 eV͒. As expected, the optical spectra obtained at this level of approximation are in complete disagreement with the experimental data, which feature almost forbidden Q bands in the visible region and very intense B bands in the near-UV region.
These results stress the need to overcome the singleparticle scheme and mix the single-particle transitions. Such mixing can be achieved by means of configuration interaction techniques, the TDDFT approach, or the present GW + BSE approach. As we will see below, the four-level mixing scheme proposed in the Gouterman model appears valid for accounting for the Q bands and, to a lesser extent, the B bands, in agreement with published results based on quantum-chemical or TDDFT schemes. 16, 58 The computed QP energies for the isolated H 2 P and H 2 TPP molecules are compared with the KS ͑DFT-LDA͒ energies in Fig. 3 . The typical linear relation that is often found between the two sets of eigenvalues in many semiconductor and insulating materials ͑both in bulk and in low dimensional systems͒ is only partially reproduced in the present molecular systems. The GW calculation opens the electronic HOMO-LUMO gap in H 2 P to 5 eV ͑1.97 eV is the corresponding DFT-LDA gap͒, while a QP gap of 4.39 eV is obtained in H 2 TPP ͑the DFT-LDA gap being 1.75 eV in this case͒. In Fig. 4 we compare the levels of the H 2 P, obtained using the GW method, with experimental UV photoemission spectroscopy ͑UPS͒ data found in the literature. 59 For comparison, we also report KS eigenvalues as obtained using a local ͑LDA͒, a semilocal ͑GGA͒, and a hybrid exchange-correlation functional ͓B3LYP ͑Ref. 60͔͒. As these methods do not satisfy Koopman's theorem, their eigenvalues should not be directly interpreted as electron removal/ addition energies. Nevertheless, a comparison with the GW 
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Electronic and optical spectra of porphyrins J. Chem. Phys. 131, 084102 ͑2009͒ eigenvalues illustrates the importance and magnitude of the self-energy corrections to the starting DFT eigenvalues ͑that could then be considered as an order 0 approximation to the QP energies͒. The theoretical description of the experimental UPS peaks is clearly much improved when QP energies are considered. It is interesting that the hybrid functional scheme also gives a very good description of the occupied states. This finding is in agreement with recent studies of porphryins 61 and of other extended carbon-based molecules. 62, 63 Optical spectra of the H 2 P and H 2 TPP molecules, computed at the GW+ BSE level of approximation, are presented in the top panels of Figs. 5͑a͒ and 5͑b͒, respectively. The theoretical spectra are compared with the corresponding experimental data from Ref. 18 reproduced in the bottom panels. Since the computed absorption for light polarized perpendicular to the central ring is found to be negligible, we report only the in-plane ͑x and y͒ components. Note that vibrational coupling effects are not included in the present calculation and hence the Q x ͑0,1͒ and Q y ͑0,1͒ replicas, present in the experimental curves, are always absent in the theoretical spectra.
Inspection of Fig. 5͑a͒ shows a reasonably good agreement between theory and experiment for the H 2 P molecule.
The Q x ͑0,0͒ and Q y ͑0,0͒ peaks appear at 1.98 and 2.3 eV, respectively, in good agreement with the experimental excitation energies reported at 1.98-2.02 and 2.33-2.42 eV. 18 Very intense optical peaks are obtained in the UV range around 3.3 eV. Their position and shape are in reasonable agreement with the experimentally observed Soret bands at 3.13-3.33 eV. 18 The level of accuracy reached for these low energy transitions is similar to that obtained in other ab initio approaches. Some previously computed excitation energies are reported in Table I for comparison with the GW+ BSE and experimental data. Other very intense transitions are found near 4.0 eV, which may correspond to the experimentally observed N x and L bands at 3.65 and 4.25 eV. However, the assignment is not clear in this case, as their intensities are overestimated with respect to the lower energy peaks. This may be due to a lack of convergence in the present GW calculations for states lying close to the continuum of molecular states: By underestimating their lifetime, the calculations yield sharper resonances that those seen experimentally. Large oscillator strengths have also been reported for the N band in Ref. 21 , although the accuracy of that work has been questioned. 25 The comparison with experiment further improves for the H 2 TPP case, where the experimental absorption spectrum of H 2 TPP, shown in Fig. 5͑b͒ , is very well reproduced by the theoretical Bethe-Salpeter calculation. The Q x ͑0,0͒ and Q y ͑0,0͒ peaks appear at 1.88 and 2.15 eV, nicely reproducing the experimental transitions reported at 1.86 and 2.27 eV. 18 The experimentally observed Soret band is located at The top panels show theoretical spectra obtained at the GW+ BSE level of approximation for x ͑blue͒ and y ͑red, shaded͒ light polarizations. Experimental gas phase spectra, as reported in Ref. 18 , appear in the bottom panels. Left of the vertical dashed line, the intensity of each spectrum has been multiplied by a factor of 10 for clarity. An artificial Lorenztian broadening of 10 meV has been used.
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3.08 eV, slightly redshifted with respect to the free-base porphine, and is in very good agreement with theoretical prediction. Finally, we note that the BSE absorption curves show an optical anisotropy splitting in the B band of about 0.3 and 0.15 eV for the H 2 P and H 2 TPP molecules, respectively. From the calculated values of the electronic gaps ͑5.0 and 4.3 eV, for the H 2 P and H 2 TPP molecules, respectively͒ it is clear that the optical spectra feature strong excitonic effects, with estimated exciton binding energies of about 3.0 and 2.5 eV. This is further illustrated in Fig. 6 , where we compare a GW+ RPA calculation of the H 2 TPP absorption spectrum with the result of the full GW+ BSE calculation, for the x-polarization. It is interesting, therefore, that the excitonic transitions associated with the Q bands are found to derive from a mixing of the single particle transitions from the HOMOϪ1 to LUMO+ 1 and from the HOMOϪ1 to LUMO states, in agreement with the Gouterman model. For the B and N bands, however, single-particle transitions from the HOMOϪ2 to LUMO+ 1 also contribute, and hence involve states beyond the standard four involved in the Gouterman picture.
Often ͑and especially in extended systems͒ it is found that the resonant part of the excitonic Hamiltonian, H res , is adequate for describing the optical excitations correctly. This corresponds to the so-called Tamm-Dancoff approximation 40 and is equivalent to neglecting the interaction between the e-h pairs and antipairs. In Fig. 6 we illustrate the influence of the coupling term H coupl on the final optical spectrum of H 2 TPP. The effect is found to be quite large, both in the energetic peak positions and in the spectral lineshape. These findings are consistent with the conclusions of Grüning et al. 41 for other carbon-based molecules and similar observations in other molecular systems. 64 For this reason we have chosen to include the coupling term in all GW+ BSE spectra appearing in this work.
Due to their importance in emission processes and in photobiology or medical applications such as photodynamic therapy, it is also interesting to investigate how the present approach is able to reproduce the characteristics of the triplet excitons. Within the BSE approach, triplet excitons can be calculated by simply considering K eh = W. In Table II we compare our results for the lowest triplet excitons in both molecules with the experimental values and some of the theoretical ones as taken from the literature.
We find that the energetic position of the lowest triplet excitons appears in very good agreement with the available experimental data and with other theoretical approaches for the H 2 P and H 2 TPP molecules. Spatial analysis of the excitonic wave function reveals that the lowest singlet and triplet excitons have different character: This is illustrated in Fig. 7 for the H 2 P molecule. While the lowest singlet exciton results from a mixing of the four Gouterman states ͑HOMO, HOMOϪ1, LUMO, LUMO+ 1͒, the triplet exciton is instead a pure mixing of the HOMO and LUMO states. From our previous discussion and the results shown in Tables I and II, we can conclude that the present solid-state based scheme ͑GW+ BSE͒ provides singlet and triplet excitations of porphyrins to within 0.2 eV of experiment, therefore having the very same range of accuracy as the best QC approaches discussed in the introduction. It is useful to compare the GW+ BSE results with a complementary approach. We performed a TDDFT calculation 69 for the H 2 TPP molecule, within the adiabatic local density approximation. The results, shown in Fig. 8 ͑see also Tables I and II͒ , illustrate a reasonable agreement between the two methods for both Q and Soret bands, in particular with regard to the peak positions. The relative intensities of the x and y polarizations are also fairly consistent between the two approaches, although we note that the TD-DFT calculations appear to overestimate the relative intensity of the Q and Soret bands in comparison with the experimental data.
IV. CONCLUDING REMARKS
In conclusion, we calculated by means of first-principles MBPT the charged and neutral electronic excitations of the isolated H 2 P and H 2 TPP molecules. The available photoemission and optical absorption measurements are well described by this approach, which also naturally provides a complete picture of the e-h coupling, the singlet and triplet excitations and the real space extension of the excitonic wave functions. The character and energy of the singlet and triplet lowest energy excitons turn out to be in good agreement with experiment and other ab initio calculations, with accuracy comparable to quantum chemical methods. As a byproduct, we performed TDDFT calculations. The results show that a simple approximation such as ALDA can already give important insights about the optical spectrum of such molecules. The present study should represent the first step toward a complete ab initio analysis of the change in exciton character when moving from isolated porphyrins to their oligomers or to solid aggregates.
Note added in proof. In a recently published work, 71 the GW method was also used to calculate the ionization potential of the H 2 TPP molecule. The work provides further evidence that the MBPT scheme can be applied with success to the study of these molecular systems.
Singlet Triplet   FIG. 7 . Excitonic wave function of the lowest energy singlet and triplet states in the isolated H 2 P molecule. The green dot in the center of the molecule indicates the position of the hole. 
